Isolated mitral insufficiency in children is quantitated angiographically by comparing the stroke volumes of the right ventricle and left ventricle. The disease results in greater enlargement of the left atrium than of the left ventricle and is accompanied by a significant increase in left atrial "distensibility." Right and left heart pressures may be normal or may be increased; they tend to be elevated in the group with regurgitant fractions of over 50%. Annuloplasty results in marked clinical and hemodynamic improvement and may even be corrective.
SUMMARY
Isolated mitral insufficiency in children is quantitated angiographically by comparing the stroke volumes of the right ventricle and left ventricle. The disease results in greater enlargement of the left atrium than of the left ventricle and is accompanied by a significant increase in left atrial "distensibility." Right and left heart pressures may be normal or may be increased; they tend to be elevated in the group with regurgitant fractions of over 50%. Annuloplasty results in marked clinical and hemodynamic improvement and may even be corrective.
DESPITE THE SIGNIFICANT DECLINE in incidence during the past two decades, rheumatic heart disease remains a therapeutic problem. This is particularly true in the pediatric age where severe mitral or aortic insufficiency may be present with minimal or no symptoms. The decision to replace a valve to prevent reduction of left ventricular function from the valvar disease has to be balanced against the acknowledged undesirable consequences of valve replacement by a prosthetic device, particularly the need for long-term anticoagulation and what it entails for the active child.
Mitral annuloplasty has been successfully done for the correction of mitral regurgitation,'`8 and its postoperative complications have been shown to be lower than those following prosthetic valve replacement.7' 8 Some investigators have advocated it as the treatment of choice for the severe mitral regurgitation encountered in children." 2 This paper presents the hemodynamic data observed in 25 children with isolated mitral regurgitation, and in six of 11 patients successfully treated by annuloplasty.
Twenty-five children, age 21½2 to 18 years, with isolated mitral regurgitation underwent hemodynamic investigations. Shunting defects were ruled out by hydrogen inhalation studies, blood gas analyses, and by angiocardiography. Associated mitral stenosis was not present clinically, and was ruled out by simultaneously recorded left ventricular and pulmonary capillary wedge pressure tracings. None had evidence for aortic or tricuspid insufficiency. Eleven underwent mitral annuloplasty; of these, six had repeat cardiac catheterization one to five years after surgery. Positive history for rheumatic fever was obtained in 17 children; in the remaining eight, a rheumatic etiology was assumed and was, with one exception, consistent with the operative findings. In one case, the mitral regurgitation was due to ruptured anterior chordae tendineae.
Surgery was done under cardiopulmonary bypass using a mid-sternotomy approach. The heart was cooled topically with chilled Ringer's lactate solution, and the ascending aorta crossclamped to provide ischemic coronary arrest. The left atrium was opened on the right, close to the intra-atrial groove; more recently, the "superior" approach' has been used since it provides a more symmetric view of the entire mitral apparatus. In one case where ruptured anterior chordae tendineae was noted and the valve leaflets appeared normal, the area of the leaflet served by the ruptured chordae tendineae was plicated using the technique of Gerbode.'0 Using 2-0 suture tied over Teflon felt pledgets, stitches were placed in the medial and lateral commissures and brought posteriorly to reduce the annular size as described by Wooler." The posterior margin of the repair was measured, and the residual diameter was not less than 2.5 cm. Four primary sutures were placed in the annulus, with a set of two in each commissure, and these were tied over Teflon felt. A second row of sutures were placed in the atrial wall bringing it over the initial suture line to protect the latter; the lateral row was carried to the base of the left atrial appendage. These were also tied over Teflon felt. At the termination of the procedure, two fingers could be introduced across the mitral valve without difficulty. The All patients had the typical pansystolic murmur of mitral insufficiency. None had clinical or laboratory evidence for rheumatic activity at the time of the hemodynamic studies or cardiac surgery. Nine children belonged to the NYHA functional class I, seven to class II, seven to class III and two to class IV. Cardiomegaly was observed in the chest roentgenograms of all but nine children. None showed calcification in the mitral valve area during cinefluorography. Electrocardiographic or vectorcardiographic evidence for left atrial and/or left ventricular hypertrophy was noted in all but one patient. A summary of the critical pressure and cardiac output data are given in table 1.
Left atrial maximal volume (LAmax), was increased in all patients; left ventricular diastolic volume (LVEDV) was likewise increased in all but two patients ( fig. 1 ). The latter had LVEDV of 83.5 cm3/m2 and 73.6 cm3/m2, which are still within the upper two standard deviation limits of normal (63.56 cm3/m2 ± 11.13 SD). The LAmax ranged from 61 to 234 cm3/m2 (mean, 113.5); the LVEDV ranged from 74 to 223 cm3/m2 (mean, 127.2). When expressed as percent of the predicted normal, the LVEDV ranged from 110% to 310% (mean, 196%) whereas LAmax ranged from 136% to 660% (mean, 308%). Left ventricular ejection fractions (EF) ranged from 0.58 to 0.86 (mean, 0.72). These are comparable to those of normal children (mean, 0.71 ± 0.01 SE). The right ventricular end-diastolic volumes (RVEDV) ranged from 55 to 112.2 cm3/m2 (mean, 76.2), and the stroke volumes (SV) from 22.6 to 61.2 ml/m2 (mean, 42.6). These did not differ from the predicted normal for these subjects (mean, 71.7 cm3/m2 and 43.5 ml/m2, respectively). Right ventricular EF ranged from 0.39 to 0.75; the mean was 0.56 ± 0.01 SE, which is com- parable to that of normal children by our method (mean, 0.59 ± 0.01 SE).
The regurgitant volumes calculated by our method were compared to those obtained by subtracting the angio-derived left ventricular stroke volume from the Fick-derived stroke output. This is shown in figure 2 which reveals excellent correlation in 18 subjects who were in good "steady" state during the diagnostic run. The regurgitant fractions (RF) derived from the 21 subjects varied from 13% to 83%; in 15 children (71%), RF ranged from 30% to 70%. In 12 patients, RF was greater than 50% and this was empirically considered to indicate severe mitral regurgitation. Those with RF of less than 30% (two cases) were considered to have mild regurgitation, and those with Figure 2 Comparison of regurgitant volumes calculated by the standard method, using Fick output determination (ordinate), and determined by our angiographic method (abscissa). 
SE, P < 0.01) although this was less apparent (fig. 4).
True distensibility was not calculated because fluidfilled catheters were used for pressure recording. Of the 11 patients who underwent annuloplasty, three were in NYHA functional class II, six in class III, and two in class IV. All but one had radiologic evidence for cardiomegaly. All had electrocar- 2 74 diographic evidence for left atrial enlargement and/or left ventricular hypertrophy. The pulmonary artery, pulmonary capillary, and left ventricular end-diastolic pressures were elevated in seven patients. All had RF of more than 50%. Rheumatic mitral disease was confirmed surgically in ten. In one child, a girl of 11 years with mitral insufficiency murmur for at least four years, the regurgitation was due to ruptured anterior mitral chordae tendineae; the valve itself appeared normal. All the other patients had a dilated mitral annulus with either little or moderate amount of fibrosis, thickening but no calcification of the mitral leaflets, and some adhesions of the chordae tendineae.
There were no operative or late deaths. Figure 5 summarizes the clinical data before, and one to five years after surgery. All showed striking clinical improvement except for one boy, age five years at the time of surgery, who developed carditis postoperatively but improved subsequently. The functional status reverted to NYHA class I in all but two children. The chest X-rays revealed significant reduction in heart size in all but one, and the electrocardiograms showed similar improvement in left ventricular hypertrophy. In five patients, including that of the child with ruptured chordae tendineae, the murmur of Pressure Summary of clinical findings following mitral annuloplasty (N = 11 cases). Auscultatory findings were graded using the usual 0-6 intensity scale. Class 4 had grade 4 or more pansystolic murmur with or without short apical diastolic rumble; class 3 had grade 3 intensity pansystolic murmur and no associated apical rumble; class 1 had borderline or only faint-high pitched apical systolic murmur; and class 0 had no murmur or only a functional ejection systolic murmur. mitral regurgitation disappeared. Postoperative hemodynamic investigations in six patients showed significant reduction in right and left heart pressures but no change in cardiac index and systemic vascular resistance (table 3) . Corresponding changes in the cardiac chambers are summarized in figure 6 . The marked decrease in RF was accompanied by reduction in the left atrial and left ventricular volumes. The mean LAmax (66.2 cm3/m2) remained higher than normal (P < 0.025) but the mean LVEDV (87.4 cm'/m2) did not differ significantly from the predicted normal. The drop in LVEF from a mean of 0.75 preoperatively to 0.68 postoperatively was not statistically significant.
The above changes are illustrated in the angiocardiograms in figure 7 . The patient, a nine-year-old boy, was in functional class IV preoperatively, with severe pulmonary hypertension and markedly elevated left heart pressures. The LVEDV was 223 cm3/m2 (310% of normal), LAmax was 111 cm3/m2 (219% of normal), and RF was 83%. Following surgery, the clinical findings became normal. Right and left heart pressures, obtained five years after surgery, were normal; . angiocardiography failed to demonstrate mitral insufficiency. The LVEDV decreased to 80 cm3/m2 (137% of predicted normal), and LAmax to 43 cm3/m2 (135% of predicted normal).
Discussion
Under normal conditions, or in the absence of shunting defects or valvar regurgitation, the stroke output of both ventricles are identical. Methods currently in use for quantitating mitral regurgitation",' compare the angiographically derived left ventricular output with the systemic (forward) output determined by the Fick method or by the dye dilution technique. Our method compares the stroke outputs of both ventricles measured virtually at the same time, and by the same method.
The highly comparable regurgitant volumes estimated by our method and by the standard method were not unexpected since our subjects had no associated defects. In the presence of additional valvar disease, e.g., tricuspid regurgitation, the mitral regurgitant volume calculated by our method would be smaller than that by the standard method; the difference, theoretically speaking, would represent the Circulation, Volume 52, December 1975 tricuspid regurgitant volume. With associated aortic insufficiency, the regurgitant volume estimated by either method would represent that of both valves combined.
The group of patients with regurgitant fractions of over 50% had larger left ventricular end-diastolic and stroke volumes, and higher pulmonary artery, pulmonary capillary and left ventricular end-diastolic pressures than those with regurgitant fractions of less than 50%. In addition, pulmonary vascular resistance was higher in the former. However, no significant difference in left atrial size was observed between the two groups. Although these differences were obviously related to the magnitude of the regurgitation, other factors such as duration of the disease and extent of myocardial damage may have played contributory roles.
Our study has shown that the degree of enlargement of the left atrium (mean, 308% of predicted normal), was much greater than that of the corresponding left ventricle (mean, 196% of predicted normal) despite their identical volume overload. This may be explained by the left atrium being the more distensible chamber. In addition, the extra volume load distends these two chambers dissimilarly. In the case of the left atrium, the regurgitant volume is transported by the left ventricular ejectile force whereas this same volume load enters the left ventricle during passive ventricular filling.
True ventricular distensibility is difficult to assess, particularly in the intact heart. The passive pressurevolume filling curve is affected by alterations in heart size and ventricular geometry independently of changes in intrinsic muscle stiffness.'6 The P-V relationship is curvilinear, and the ratio AV/AP varies, depending on which segment of the curve is being analyzed.18 Nevertheless, it has been suggested that the passive elastic modulus can be derived from the major exponential portion of the P-V curve. 17 We did not attempt to analyze the ventricular P-V filling curves in our subjects due to the limited frequency response of our fluid-filled catheter-transducer system. For also be observed in the presence of gross ventricular failure; this is accounted for by increased ventricular distensibility.'8 Increased left atrial distensibility was a striking finding in our study. Without this left atrial change, it is likely that marked pulmonary hypertension would be more common in this disease.
The prosthetic ball valve has been conventionally used to replace the diseased mitral valve. "' Although the mortality is not high and clinical improvement is observed in the majority of patients, significant morbidity occurs9' 20 despite the many improvements in design and the introduction of other prosthetic valves.21 23 Some of the more serious long-term complications include thromboembolic problems, infection, and left ventricular dysfunction.
While valve replacement may be necessary in patients with thick, scarred, deformed and heavily calcified valves, annuloplasty appears to be the surgery of choice for the young patients.1 2 The mitral valve in the latter subjects is still pliable, not grossly deformed, and not calcified. The flexible valve enables the ventricle to adapt well to the rapidly increasing pressure during systole, especially during isovolumic contraction, and allows for maximal ventricular filling as well. The rigid prosthetic valve with its struts protruding into the left ventricular cavity is not as hemodynamically suitable, and may eventually compromise left ventricular function.
The fate of the mitral valve following successful annuloplasty remains to be seen. By abolishing or minimizing the trauma to the valve from the regurgitation, eventual scarring and calcification may hopefully be arrested. On the other hand, even after complete correction of the regurgitation and the demonstration postoperatively of normal hemodynamics, the possibility of stenosis appearing many years later secondary to the initial (preoperative) mitral valvulitis cannot be ignored. Rheumatic mitral stenosis is a slowly progressive disease, generally becoming clinically manifest after childhood.2' The enthusiasm from the successful conversion of the diseased heart to a functionally normal one must, therefore, be tempered by this theoretical possibility. On the other hand, it is also quite possible that these hearts may remain normal indefinitely, although it is obvious that recurrent rheumatic attacks could lead to progressive valvar disease. This argues for continued chemoprophylaxis in these patients for an indefinite period of time.
Of the 11 patients in our series subjected to annuloplasty five have shown complete disappearance of the mitral insufficiency murmur. Postoperative hemodynamic evaluations in six have demonstrated return of the right and left heart pressures to normal, and marked reduction of the left atrial and left ventricular volumes. As in the preoperative studies, the degree of residual left atrial enlargement was greater than that of the left ventricle. None of these patients had early or late postoperative complications. None of them is on anticoagulant therapy, and nine of the 11 are now in functional class I of the NYHA classification. We have not encountered any instance yet, in any of our pediatric patients, where the anatomy of the mitral valve apparatus turned out, at the time of open-heart surgery, to be unfavorable for annuloplasty with consequent valve replacement as the only other alternative.
Our current indications for annuloplasty are summarized in table 4. Surgery should preferably be done prior to the development of left ventricular failure. Reduced left ventricular ejection fraction of 0.55 or less is, therefore, not used as one of the criteria although its presence is certainly an additional indication for surgery. Generally speaking, most if not all of the prescribed indications are present in the ideal surgical candidate. However, there are exceptions, such as the occurrence of normal pulmonary arterial or capillary wedge pressures in the face of moderate or severe mitral insufficiency due to increased left heart distensibility, or the occasional lack of correlation between the clinical and hemodynamic findings. These criteria are based on our limited clinical and hemodynamic experiences thus far. It is likely that these may have to be revised as more experience evolves.
